All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Fibromyalgia is a pain syndrome characterized by chronic widespread pain for which no cause can be identified (e.g., tissue damage or inflammation) \[[@pone.0212021.ref001],[@pone.0212021.ref002]\]. Symptomatology often includes chronic fatigue, sleep disturbance, decrements in physical functioning, and disruptions in psychological functioning such as anxiety, mood disturbances, memory problems, and lack of well-being \[[@pone.0212021.ref001]--[@pone.0212021.ref003]\]. According to recent population-based estimations, the prevalence of fibromyalgia in the general population ranges from 2% to 8%, with a significant female predominance \[[@pone.0212021.ref001],[@pone.0212021.ref004]\]. Due to the chronic nature of the disorder, fibromyalgia symptoms can significantly impact patients' quality of life and impose high direct and indirect medical costs, which are largely associated with treatment costs \[[@pone.0212021.ref003],[@pone.0212021.ref005],[@pone.0212021.ref006]\]. Conventional treatments for fibromyalgia are typically centered on pharmacological therapies, however, studies have found that medication alone produces only modest and short-lived results, and may cause intolerable side effects \[[@pone.0212021.ref007]--[@pone.0212021.ref014]\]. Consequently, complementary and alternative medical treatments have become an integral component of multi-disciplinary treatment approaches for fibromyalgia, as shown by recent studies revealing that 60-90% of patients in North America seek complementary treatment options \[[@pone.0212021.ref015]--[@pone.0212021.ref020]\]. Therefore, there is an urgent need to develop, investigate, and validate non-pharmacological complementary treatments to help patients manage fibromyalgia.

Vibratory analgesia is a well-described phenomenon whereby sensory stimulation delivered to the skin can reduce pain \[[@pone.0212021.ref021]--[@pone.0212021.ref025]\]. Mechano-acoustic vibrations have been extensively used to address acute pain during orthodontic \[[@pone.0212021.ref026]--[@pone.0212021.ref028]\] and cosmetic procedures \[[@pone.0212021.ref029]\], and is a well-established technique in orthopedic practice \[[@pone.0212021.ref030]\] and physiotherapy to reduce muscle soreness \[[@pone.0212021.ref031]--[@pone.0212021.ref033]\], low back pain \[[@pone.0212021.ref034]\], and orofacial pain \[[@pone.0212021.ref035]\]. However, little is known regarding the application of vibroacoustic stimulation in the treatment of chronic pain conditions. Previous clinical studies have explored the use of rhythmic sensory stimulation to treat fibromyalgia \[[@pone.0212021.ref036]--[@pone.0212021.ref038]\]. Rhythmic sensory stimulation (RSS) broadly refers to the use of sensory events - including vibrotactile, auditory, and visual flickering stimuli - applied in pulsed forms with repeated short, transient stimulus events at regular intervals, or in continuous forms which generate oscillating (e.g., sinusoidal) stimulus patterns \[[@pone.0212021.ref039]\]. In the context of chronic pain research, the terms vibroacoustic therapy \[[@pone.0212021.ref040]--[@pone.0212021.ref042]\], physioacoustic therapy \[[@pone.0212021.ref043]\], musically fluctuating vibrations \[[@pone.0212021.ref037]\], and low-frequency sound stimulation \[[@pone.0212021.ref038]\], are often used interchangeably to refer to the use of rhythmic gamma-frequency (30 -- 120 Hz) acoustic-driven stimulation of mechanoreceptors in the body by means of chairs or beds fitted with low-frequency transducers. Chesky et al. \[[@pone.0212021.ref037]\] reported that fibromyalgia symptoms significantly changed after a single 30-minute treatment session, however, no significant differences were noted between whole-body stimulation with gamma-range vibroacoustic stimuli (60-100 Hz) and whole-body 20 Hz stimulation. Naghdi and colleagues \[[@pone.0212021.ref038]\] found that pain severity, sleep quality, and fibromyalgia severity significantly improved after ten sessions of whole-body 40 Hz RSS, however, no comparison group was included in this pilot study. In Weber et al. \[[@pone.0212021.ref036]\], fibromyalgia patients were randomly allocated to 4 groups: 3 experimental groups and one control group. As experimental conditions, one group received vibratory stimulation ranging from 32 -- 64 Hz to five specific points of the body, while patients in the other groups listened to either classical music or received a combination of both music listening and vibroacoustic stimulation. The results of this study indicated that patients in all groups had a statistically significant change from baseline in fibromyalgia outcome measures, including the control group who did not receive any form of stimulation.

Although there are some indications that RSS may improve fibromyalgia symptoms, the few studies conducted to date have used widely differing parameters of stimulation in relation to frequencies, stimuli waveforms (sine wave vs. complex wave), temporal pattern (continuous vs. intermittent), and application protocols (whole-body vs. localized), warranting further investigation. Therefore, the present study investigated the effects of gamma frequency vibrotactile RSS on fibromyalgia symptom severity by addressing two research questions. The first question relates to the effects of different parameters of stimulation (stimuli frequency, waveform, temporal pattern). We were interested in whether treatment effects would differ between treatment parameters. To assess this question we assigned participants to two groups. One group received continuous sine wave single-frequency stimulation (40 Hz) for 30 minutes, five days per week, over five weeks, concomitant with usual care. The stimulation delivered to the second group consisted of random and intermittent complex wave gamma-range RSS with peaks at 33 Hz and 45 Hz. The second research question addresses the effectiveness of RSS to reduce fibromyalgia symptom severity.

Materials and methods {#sec002}
=====================

This two-arm parallel randomized controlled trial was conducted in collaboration between the Sinai Health System and the University of Toronto (Toronto/Canada), between October 2015 and December 2016. All procedures were approved by the Mount Sinai Hospital Research Ethics Board (15-0140-E) and the Office of Research Ethics at the University of Toronto (31916) and registered at ClinicalTrials.Gov (NCT02493348). All participants provided written informed consent prior to enrolment.

Participants {#sec003}
------------

Participants were outpatients aged 18-70 years of age, with a formal diagnosis of fibromyalgia, recruited through referrals from general practitioners, rheumatologists, and neurologists from clinics and hospitals in the Greater Toronto Area (Canada). Study inclusion criteria also comprised self-reported satisfactory hearing bilaterally, ability to operate the treatment device, and ability to read and write in English. Study exclusion criteria included: acute and active inflammatory conditions (e.g., rheumatoid arthritis, osteoarthritis, autoimmune disease); unstable medical or psychiatric illness; history of epilepsy, seizures, or psychosis; pregnancy or lactation; hemorrhaging or active bleeding; thrombosis or angina pectoris; heart conditions such as hypotension, arrhythmia, pacemaker; substance abuse in the last year; prolapsed vertebral disc; and recent (past 6 months) back or neck injuries. Study eligibility criteria were pre-assessed by the referring doctor and confirmed by the study doctor or a trained researcher prior to enrollment. All participants were informed of the study design and the randomization procedure, and no suggestion was made about the superiority of either treatment.

Interventions {#sec004}
-------------

Participants enrolled in the study were randomly assigned to one of two study arms ([Fig 1](#pone.0212021.g001){ref-type="fig"}). Both groups received 25 sessions of 30-minute rhythmic sensory stimulation over five weeks concomitant with usual care. Group one received vibrotactile stimulation from a continuous single-frequency sine wave at 40 Hz that was amplitude modulated on an 11-second cycle plus isochronous auditory stimulation with a 160 Hz tone amplitude modulated at 40Hz. Group two received vibrotactile stimulation from randomly intermittent sounds consisting of complex wave gamma-range noise with pitch peaks at 33 Hz and 45 Hz. In the initial trial study protocol, the stimulation delivered to group two was intended as a sham stimulation, however, careful spectral analysis of the stimulus conducted after study completion revealed that this was not the case. The stimulation was delivered via a portable consumer device (Sound Oasis Vibroacoustic Therapy System VTS-1000) with a built-in low-frequency transducer located at the middle back region and stereo speakers located at ear level. Participants experienced the stimulus as a mild vibrotactile sensation around the lower-back and shoulder/head area as well as a low-level hum. The vibroacoustic stimulation device was provided to participants for the duration of the study, and all 25 sessions were self-administered and completed at the patients' homes. Participants were instructed to place the device on a comfortable chair or bed and relax. There were no restrictions regarding the type of activities participants could undertake during the 30-minute session (e.g., reading, browsing the internet). Potential unintended effects associated with the intervention, such as feeling a tingling sensation, an urgency to relieve bowel, neck discomfort due to vibration in the shoulder area, were asked to be reported in the treatment log. Participants were instructed to complete a treatment log after each session containing information regarding the time and duration of the session, any activities performed during the sessions, as well as the device settings for the volume of the auditory stimulation and the intensity of the vibrotactile stimulation. The recommended stimulation intensity corresponded to level 15 of the device (ranging from 10 to 20) for both the auditory and vibratory stimuli but could be adjusted to a comfortable level if needed. The treatment log also included an 11-point Likert scale regarding pain levels before and after each session (ranging from 0: no pain to 10: extreme pain). Study compliance was assessed at weeks 2-4 via phone or e-mail communication as well as through the treatment logs submitted at the post-intervention visit. All patients received usual care during the study.

![Flowchart of study participants.](pone.0212021.g001){#pone.0212021.g001}

Stimuli {#sec005}
-------

The sound stimulus delivered to group one consisted of a continuous single-frequency sine wave at 40 Hz that was amplitude modulated on an 11-second cycle, plus isochronous auditory stimulation with a 160 Hz tone amplitude modulated at 40 Hz with secondary pitch peaks at 120 Hz and 200 Hz ([Fig 2](#pone.0212021.g002){ref-type="fig"}). The track has a 1-second fade-in and a 13-second fade-out, with an output level of -12.7db. The track features an automated volume adjustment where the first 5.5 seconds the volume decays from 2.73db to -8db, and during the second 5.5 seconds the volume increased from -8.db back to 2.73db, thus creating an on-going jig saw volume contour. The sine wave was generated using ToneGen software ([NCH Software](https://www.nch.com.au/tonegen/index.html)) and was recorded at 40K and 24 bit-rate into Cubase Studio 5 (Steinberg) through an M-Audio 2626 interface.

![Stimulus peak frequencies.\
Sound stimulus delivered to group one consisted of continuous single-frequency sine wave with peak frequency at 40 Hz that was amplitude modulated on an 11-second cycle (top figure), plus isochronous auditory stimulation with a 160 Hz tone amplitude modulated at 40 Hz with secondary pitch peaks at 120 Hz and 200 Hz (bottom figure).](pone.0212021.g002){#pone.0212021.g002}

The second track, administered as stimulation to group two, comprised of randomly intermittent sounds consisting of complex wave gamma-range noise with pitch peaks at approximately 33 Hz and 45 Hz, and a secondary pitch peak at approximately 95 Hz ([Fig 3](#pone.0212021.g003){ref-type="fig"}). The sound was generated from a single hit on a percussion instrument (gran cassa), which generated a sound burst with a duration of 500 milliseconds. Each sound burst was separated by intervals generated by a random number generator producing numbers between 1-10. Each digit had an equivalent of 250 milliseconds; so that number 1 represented 250 milliseconds, number 2 represented 500 milliseconds, number 3 represented 750 milliseconds, and so on. These numbers were used to determine the intervals between each sound onset throughout the trial. The track was produced by arranging sound bursts separated by the random intervals until one minute of material was generated. This first minute of material was repeated four more times, but each of these five identical segments was set to a different tempo; the first minute played at 120 bpm, the second at 110, the third at 115, the fourth at 125 and the fifth 130. This 5-minute sequence was then copied and pasted 5 times which then, given the variations in tempo, amounted to 30 minutes and 49 seconds. Based on this method, 30 minutes and 49 seconds soundtrack was produced leaving a 1-second gap at the beginning of the track. A gate processing was inserted in the track to shorten the decay of the gran cassa sound, which had a long vibrating effect. The gate was set at -18.8db threshold, with an attack setting of 1.0 milliseconds, a hold setting of 1 millisecond, and a release of 120 milliseconds. The gran cassa sound was produced hitting a Laurin Drums electronic drum pad triggering a Roland TD-20 Percussion sound module, and normalized to -1 DB. The recording and sound editing was done with the software Cubase Studio 5.

![Stimulus peak frequencies.\
Sound administered as stimulation to group two comprised of randomly intermittent sounds consisting of complex wave gamma-range noise with pitch peaks at approximately 33 Hz and 45 Hz, and a secondary pitch peak at approximately 95 Hz.](pone.0212021.g003){#pone.0212021.g003}

Assessments and outcome measures {#sec006}
--------------------------------

The baseline visit was completed 1-7 days prior to the start of the intervention and included self-report questionnaires assessing fibromyalgia symptoms (Revised Fibromyalgia Impact Questionnaire) \[[@pone.0212021.ref044]\], pain severity and interference (Brief Pain Inventory -- Short Form) \[[@pone.0212021.ref045]\], sleep quality (Pittsburgh Sleep Quality Index) \[[@pone.0212021.ref046]\], depression symptoms (Patient Health Questionnaire PHQ-9) \[[@pone.0212021.ref047]\], and quality of life (Quality of Life Enjoyment and Satisfaction -- Short Form) \[[@pone.0212021.ref048]\]. The post-intervention visit was completed within 1-7 days of completion of the last treatment session and assessed outcome changes from baseline, as well as measures of patient global impression of change (Patient Global Improvement Impression; PGI-I, and adapted Glasgow Benefit Inventory; GBI) \[[@pone.0212021.ref049],[@pone.0212021.ref050]\]. Data from the 11-point Likert scale assessing daily pain levels before and after each session, as recorded by participants in the treatment logs, was also analyzed.

The primary outcome measure of the study was the Revised Fibromyalgia Impact Questionnaire (FIQ) \[[@pone.0212021.ref044]\], which is a commonly used instrument to evaluate fibromyalgia symptoms. This self-report questionnaire consists of 21 items assessing physical functioning, fibromyalgia symptoms (e.g., pain, stiffness, and fatigue), and overall well-being. Each item of the FIQ questionnaire is based on a 10-point scale, with total scores ranging from 0 to 100, with higher scores indicating worse symptoms. Treatment response was deemed to occur if there was at least a 14% change in the FIQ total score from baseline, in line with the minimal clinically important difference determined by Bennett et al. \[[@pone.0212021.ref051]\].

The secondary outcome measures consisted of assessments of pain severity and interference using the Brief Pain Inventory - Short Form (BPI-SF) \[[@pone.0212021.ref045]\]. The BPI-SF is a 9 item self-report questionnaire based on a 10-point scale which is used to evaluate pain severity and the interference of pain on patients' daily functioning. Pain severity scores are based on the average pain intensity ratings on four items (worst pain, least pain, average pain, pain right now), and each item is rated from 0 (no pain) to 10 (extreme pain), with scores ranging from 0 to 40. Pain interference scores correspond to the average ratings on seven sub-items (general activity, mood, walking ability, normal walk, relations with other people, sleep, and enjoyment of life), and each item is rated from 0 (does not interfere) to 10 (complete interferes), with a range from 0 to 70 \[[@pone.0212021.ref052]\]. Sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI) \[[@pone.0212021.ref046]\], a self-report questionnaire consisting of 19 items assessing sleep quality and disturbances over a 1-month time interval. The PSQI total score reflects seven different components (sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of medication, and daytime dysfunction), and ranges from 0 to 21, with higher scores indicating worse sleep quality. The Patient Health Questionnaire (PHQ-9) \[[@pone.0212021.ref047]\] is the 9-item depression module of the Patient Health Questionnaire and is used to assess depression severity over a 2-week time frame, with each item rated from 0 (not at all) to 3 (nearly every day), and total scores ranging from 0 to 27. Lastly, quality of life was assessed using the Quality of Life Enjoyment and Satisfaction (QLES-Q Short Form) \[[@pone.0212021.ref048]\], a self-report questionnaire with 16 items assessing domains such as physical health, leisure activities, social relationships, general activities, satisfaction with medications and life satisfaction. Each item is scored on a 5-point scale, with total scores ranging from 14 to 70, and higher scores indicating better enjoyment and satisfaction with life \[[@pone.0212021.ref053]\].

Randomization {#sec007}
-------------

Eligible participants were randomly allocated to one of the study groups (1:1) using a computer-generated randomization list. To assure blinding for participants and the assessor, an independent investigator held the randomization list and performed the patient allocation after the baseline assessment. Patients were encouraged not to disclose any information about the stimulation received to the assessor; however, approximately 15% of patients occasionally volunteered information regarding allocation during the post-intervention visit. After the final visit, all participants were given the opportunity to undertake the treatment offered to the other group.

Statistical analysis {#sec008}
--------------------

Data analysis was completed based on intention-to-treat and data collected from all participants enrolled in the study was included in the analysis. For dichotomous outcomes, missing values from post-intervention assessments of individuals who discontinued the study were handled according to the baseline-observation-carry-forward approach as we assumed no change for those where the outcome was unobserved. For continuous outcomes (e.g. treatment log), intention-to-treat meant that we only retained data from participants for whom the information was available to avoid multiple imputations.

Statistical analyses were performed using SPSS 22.0 (IBM Corp., Armonk, NY, USA). Independent sample t-tests were used to assess group differences in demographic and clinical-related parameters at baseline. We analyzed the effects of the intervention on the outcome measures using a 2×2 factor repeated measures analysis of variance with time (baseline and post-intervention) and group (continuous 40 Hz stimulation vs. intermittent gamma-frequency stimulation) as factors. Significant interactions and within-group comparisons were further explored with paired t-tests. Analysis of daily pain levels before and after each treatment session (self-reported in treatment logs) was performed by averaging the daily ratings to reflect changes on a weekly basis. Changes of average pain ratings over the course of the study were analyzed with a repeated measures ANOVA with time (weeks 1-5) and pain ratings (before/after a session) as within-subject factors, and group (40 Hz continuous vs. intermittent stimulation) and treatment response (responders vs. non-responders) as between-subject factors. For all ANOVAs, data were continuous and normally distributed, with no significant outliers and no evidence of sphericity from the Mauchly's test or violation of homogeneity of variance from the Levene's test. We also conducted logistic regression analyses to examine the possible influence of baseline clinical outcome variables on treatment response. The independent variables (i.e., fibromyalgia symptoms, pain severity and interference, depression, quality of life, and sleep quality at baseline) were each entered separately on to the model to probe for indices evaluating prediction of response. The alpha level was set at 5% for all tests. Based on previous studies \[[@pone.0212021.ref038]\], to determine effect size required (*r* = .95) to obtain sufficient statistical power (80%) with the significance level of α = 0.05, the minimum sample size for each group is 20 patients.

Results {#sec009}
=======

Patient characteristics {#sec010}
-----------------------

A total of 84 patients were screened for eligibility. Of the patients screened, 4 declined participation and 30 did not meet inclusion criteria for reasons such as recent injury, surgery, and unstable medical conditions, totaling 50 patients enrolled in the study ([Fig 1](#pone.0212021.g001){ref-type="fig"}). Of the patients included in the study, 25 were randomized to the continuous 40 Hz vibrotactile RSS group (Group 1), while the other 25 patients were allocated to the intermittent gamma frequency sensory vibrotactile stimulation group (Group 2). Twelve patients withdrew from the study; three participants in Group 1 and nine in Group 2. Of these participants, two reported that the reason for discontinuation of the intervention was related to hypersensitivity or intolerance to the sensory stimulation, whereas the other ten participants reported non-adverse related events, including family issues, traveling, car accident, and difficulties operating the treatment device. Thirty-eight participants of the total sample (76%) completed all study visits.

Demographic and clinical characteristics at baseline are displayed in [Table 1](#pone.0212021.t001){ref-type="table"}. The average age of participants was 50 years (*SD* = 12.27 years), ranging from 22 to 68 years of age. The majority of participants were female (92%) and the average duration of symptoms was 7.9 years (*SD* = 7.1 years). There were no significant baseline differences for socio-demographic or clinical-related parameters between treatment groups. The average total score of the Revised Fibromyalgia Impact Questionnaire (FIQ) at baseline for Group 1 was 70 (*SD* = 17) and 63 (*SD* = 15) for Group 2, a non-statistically significant difference (*p* = 0.15). Seventy percent of the patients reported the presence of a concomitant condition, such as anxiety, depression, chronic fatigue syndrome, and temporomandibular joint disorder. For 84% of the participants, usual care involved regular medication intake for pain, and 86% of participants reported generally making use of complementary approaches as part of the pain management treatment, including meditation, listening to music, yoga, mindfulness or relaxation techniques.

10.1371/journal.pone.0212021.t001

###### Demographic and clinical characteristics of study participants at baseline.

![](pone.0212021.t001){#pone.0212021.t001g}

  -----------------------------------------------------------------------------
                                         Group 1\     Group 2\     Total\
                                         (*n* = 25)   (*n* = 25)   (*n* = 50)
  -------------------------------------- ------------ ------------ ------------
  Age (years)                            50 ± 12.18   50 ± 12.27   50 ± 12.27

  Disease duration (years)               8 ± 7.3      7.9 ± 7.1    7.9 ± 7.1

  FIQ total score (0 to 100)             70 ± 17      63 ± 15      67 ± 16

  Sex (female/male)                      23/2         23/2         46/4

  Medication for pain (yes/no)           21/4         21/4         42/8

  Self-reported comorbidity *n (%)*                                

      Anxiety                            4 (16%)      4 (16%)      8 (16%)

      Depression                         8 (32%)      1 (4%)       9 (18%)

      Chronic Fatigue Syndrome           2 (8%)       5 (20%)      7 (14%)

      Temporomandibular joint disorder   2 (8%)       2 (8%)       4 (8%)

      Crohn's disease, colitis           4 (16%)      3 (12%)      7 (14%)
  -----------------------------------------------------------------------------

Values are expressed as mean ± standard deviation. Group 1: continuous 40 Hz vibrotactile rhythmic sensory stimuli; Group 2: intermittent gamma frequency rhythmic sensory vibrotactile stimuli.

Treatment groups {#sec011}
----------------

Repeated measure ANOVA analysis revealed that there was a significant main effect of time (baseline, post-intervention visits), indicating significant changes from baseline to post-intervention in measures of fibromyalgia symptoms, pain interference, depression, and sleep quality ([Table 2](#pone.0212021.t002){ref-type="table"}). An analysis of the interaction between changes in the outcome measures from baseline to post-intervention between both groups (time x group interaction) showed that there were no significant differences between groups on any of the outcome measures. Post-hoc analysis revealed that fibromyalgia symptoms, depression severity, and sleep quality improved significantly among patients in both groups. Pain interference changed significantly from baseline only for participants in Group 2 (*p* \< .005). Results also indicated that there were no significant changes from baseline in both groups in measures of pain severity and quality of life, as measured with BPI and QLES-Q, respectively.

10.1371/journal.pone.0212021.t002

###### Change in outcome measures from baseline to post-intervention by treatment groups.

![](pone.0212021.t002){#pone.0212021.t002g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                            Main effect of\   Time-by-group\   Group 1\     Group 2\                                                                                                         
                            Time              interaction      (*n* = 25)   (*n* = 25)                                                                                                       
  ------------------------- ----------------- ---------------- ------------ ------------ ------ ------ ------------- --------------------------------------------------------- ------------- ---------------------------------------------------------
  FIQ                       16.59             .001             .257         1.48         .228   .030   70 ± 17       57 ± 27 ^(^[\*\*](#t002fn003){ref-type="table-fn"}^)^     63 ± 14       56 ± 20 ^(^[\*](#t002fn002){ref-type="table-fn"}^)^

  BPI - Pain Interference   11.03             .002             .190         .588         .447   .012   7 ± 2         6.38 ± 2                                                  6.15 ± 2      5.02 ± 2 ^(^[\*\*](#t002fn003){ref-type="table-fn"}^)^

  BPI - Pain Severity       3.52              .06              .068         .216         .645   .004   6.4 ± 1.5     5.8 ± 2                                                   6 ± 1.75      5.5 ± 2

  PHQ-9                     12.91             .001             .212         .868         .356   .018   16.5 ± 6.11   13.7 ± 7.45 ^(^[\*](#t002fn002){ref-type="table-fn"}^)^   12.6 ± 4.61   11 ± 5.14 ^(^[\*](#t002fn002){ref-type="table-fn"}^)^

  QLES-Q                    3.99              .051             .077         .424         .518   .009   37.42 ± 20    43.50 ± 23                                                43.85 ± 14    47 ± 15

  PSQI                      12.683            .001             .209         .663         .420   .014   14.68 ± 2.9   12.96 ± 3.6 ^(^[\*](#t002fn002){ref-type="table-fn"}^)^   12.68 ± 3.8   11.60 ± 4.2 ^(^[\*](#t002fn002){ref-type="table-fn"}^)^
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Values are expressed as mean ± standard deviation. Main effect of time (baseline vs. post-intervention) and time-by-group-interaction are reported, including partial eta-squared (η^2^) effect sizes. Results are based upon intention-to-treat analyses. Paired sample t-test

\* *p* \< 0.05

\*\* *p* \< 0.005. Group 1: continuous 40 Hz rhythmic sensory vibrotactile stimuli; Group 2: intermittent gamma frequency rhythmic sensory stimuli. FIQ, Revised Fibromyalgia Impact Questionnaire; Pain Interference (Brief Pain Inventory); Pain Severity (Brief Pain Inventory); PHQ-9, Patient Health Questionnaire-9; QLES-Q, Quality of Life Enjoyment and Satisfaction; PSQI, Pittsburgh Sleep Quality Index.

Daily pain ratings (ranging from 0: no pain to 10: extreme pain) before and after each treatment session, as recorded in the treatment logs, were averaged to reflect changes on a weekly basis. Changes of average pain ratings over the course of the study were analyzed with a repeated measures ANOVA with time (weeks 1-5) and pain ratings (before/after a session) as within-subject factors, and group (40 Hz continuous vs. intermittent stimulation) and treatment response (responders vs. non-responders) as between-subject factors. There was a significant main effect of pain ratings (*p* \< .005), suggesting that participants generally reported changes in their pain levels immediately after each session compared to their pain prior to the session ([Table 3](#pone.0212021.t003){ref-type="table"}). However, there was no significant main effect of time (*p* = .116) and there were no significant interactions between pain ratings pre/post-session with week (*p* = .53), treatment response (*p* = .48), or intervention group (*p* = .76). These findings indicate that, regardless of intervention group or treatment response, participants generally reported improvements in pain severity after the sessions, and that the effects of the interventions were already observable during the first week of intervention and did not change significantly from week 1 to week 5.

10.1371/journal.pone.0212021.t003

###### Average pain level ratings across treatment groups before and after each intervention session for each week of the study.

![](pone.0212021.t003){#pone.0212021.t003g}

  -----------------------------------------------------------------------------------
           Pain level\      Pain level\
           before session   after session
  -------- ---------------- ---------------------------------------------------------
  Week 1   6.5 ± 1.7        5.7 ±1.8 ^(^[\*\*](#t003fn002){ref-type="table-fn"}^)^

  Week 2   6.3 ±1.8         5.5 ± 2 ^(^[\*\*](#t003fn002){ref-type="table-fn"}^)^

  Week 3   6.1 ± 1.7        5.4 ± 2 ^(^[\*\*](#t003fn002){ref-type="table-fn"}^)^

  Week 4   6.2 ± 1.8        5.3 ± 2.3 ^(^[\*\*](#t003fn002){ref-type="table-fn"}^)^

  Week 5   6.0 ± 2          5.1 ± 2.2 ^(^[\*\*](#t003fn002){ref-type="table-fn"}^)^
  -----------------------------------------------------------------------------------

Values are expressed as mean ± standard deviation. Pain ratings ranged from 0 (no pain) to 10 (extreme). Analyses was conducted only for completers (*n* = 38). Paired sample t-test

\*\* *p* \< 0.005

Regarding patient's impression of change as measured with the PGI-I, of the 38 patients who completed the final study visit 50% reported feeling no change in fibromyalgia symptoms, while 44% of participants reported feeling better with the intervention, and 6% indicated that symptoms were worse after completing the study. The average benefit score reported by participants on the GBI was +9 (range: -16 to +72), which suggests that participants perceived an overall improvement of approximately 10% in quality of life after the intervention.

Clinically meaningful change in the primary outcome measure {#sec012}
-----------------------------------------------------------

We were also interested in whether the statistically significant changes in fibromyalgia symptoms after 5 weeks were clinically relevant. The minimal clinically important difference is a clinical threshold that represents a meaningful change in the patient's management \[[@pone.0212021.ref054],[@pone.0212021.ref055]\]. According to Bennet et al. \[[@pone.0212021.ref051]\], a 14% or more reduction in the FIQ score from baseline to post-intervention is considered a clinically meaningful improvement in the measure. Based on this criterion, 20 participants (40%) across our study sample presented clinically meaningful changes in fibromyalgia symptoms severity. Additionally, treatment responders presented individual changes in FIQ total score ranging from 14.16% to 90% (*M* = 40.53, *SD* = 23.52). There were no significant differences in treatment response between groups. The average reduction in the FIQ score from baseline for patients in Group 1 was 22.43% (*SD* = 30.29), whereas the average change in fibromyalgia symptoms severity from baseline for those in Group 2 was 16.22% (*SD* = 25.35).

Logistic regression analyses were performed to ascertain whether fibromyalgia symptoms, pain severity and interference, depression, quality of life, and sleep quality at baseline would influence treatment response. Of the variables tested, only the model including baseline pain interference was significantly associated with treatment response (χ^2^ (1) = 6.734, *p* = .009), explaining 17% (Nagelkerke *R*^*2*^) of the variance in response. This result thus suggests that pain interference level at baseline show predictive utility of treatment response for RSS interventions (B = -.396, Wald = 5.432, *p* = .020, OR = .673), indicating that higher pain interference pre-treatment reduces the chances of a patient to respond to an RSS intervention.

Discussion {#sec013}
==========

The present study investigated the effects of gamma frequency rhythmic sensory stimulation (RSS) on fibromyalgia. We were interested in whether rhythmic sensory stimulation would promote significant changes in fibromyalgia and associated symptoms such as pain severity and interference, depression, sleep quality and quality of life, and whether treatment effects would differ between two treatment parameters. To test that, one group of patients received vibrotactile stimulation from a continuous single-frequency sine wave at 40 Hz and isochronous auditory stimulation with a 160 Hz tone amplitude modulated at 40Hz, while the second group received vibrotactile stimulation from randomly intermittent vibrations consisting of complex wave gamma-range noise.

Our findings suggested that there were significant changes from baseline in measures of fibromyalgia symptoms, pain interference levels, depression severity, and sleep quality, however, these improvements did not differ significantly between both groups. Effects were clinically relevant, with effect sizes in the medium-to-large range. These findings corroborate previous studies, such as Naghdi and colleagues \[[@pone.0212021.ref038]\], which indicated that fibromyalgia symptoms, pain levels, and sleep quality, significantly improved after RSS with low-frequency (40 Hz) vibroacoustic stimuli. Interestingly, we also found a marked reduction in depression severity in both groups, raising the question of whether the observed changes were associated with a general improvement in the patients' mood or whether RSS affected common underlying features between depression and fibromyalgia \[[@pone.0212021.ref056]--[@pone.0212021.ref059]\]. The effects on depression, seemingly independent of pain relief, were unexpected, and the effect of RSS on depression outside a chronic pain setting need further evaluation.

Our results also indicated that, while the intervention did not seem to have a significant impact on pain severity, a significant reduction of the level of pain interference in the patients' functioning was observed, particularly for participants in Group 2. Pain interference scores correspond to the average ratings on seven sub-items, including general activity, mood, walking ability, relations with other people, sleep, and enjoyment of life, thus measuring functional interference from pain. On the other hand, self-reported pain severity scores on the BPI are based on the average pain intensity ratings in the past 24 hours. It is well known, however, that day-to-day fluctuations in pain levels are affected by factors such as poor sleep quality on the night before and attention to pain \[[@pone.0212021.ref060],[@pone.0212021.ref061]\]. Thus, the analysis of the daily pain severity reported in the treatment logs before and after each treatment session may provide a clearer picture of the effect of RSS on daily pain severity. Indeed, results indicated that participants generally reported improvements in their pain severity after the RSS treatment sessions, regardless of group allocation. This finding suggests that, while there were some immediate effects on pain relief, these benefits may not have persisted to the point of a clinically meaningful improvement for some patients. This hypothesis is further corroborated by the observation that, although changes on the daily pain ratings were already noticeable during the first week of the study, the level of pain severity did not change significantly from week 1 to week 5, which may be indicative of a ceiling effect.

Regarding treatment effectiveness, individual differences in treatment response were observed. Study results indicated a clinically relevant symptom decrease in fibromyalgia in 40% of participants in the study, whereas 6% of patients reported that symptoms were worse after completing the study. This range of responses suggests that a variety of underlying factors may determine how patients respond to RSS. For instance, our results suggested that pain interference levels at baseline may have a predictive utility in treatment response. Thus, it is possible to speculate that severe functional interference from pain at baseline, as well as other factors such as the location of tender points in relation to the stimulation targets, hypersensitivity to vibratory stimuli and/or humming sounds, stimulation intensity selected by the patients, and comorbidities such as chronic migraine, may be important factors to be considered prior to commencement of the treatment. Larger studies with a more thorough clinical characterization are needed to elucidate the determinants of the individual differences in treatment responses.

Research to date has generally assumed that the rhythmic pattern of the stimuli sequence is an essential stimulation parameter. This notion is based on the premise that the local mechanical stimulation generated by RSS would drive the mechanoreceptors in the body to respond at the same frequency \[[@pone.0212021.ref041],[@pone.0212021.ref062]\]. A hypothesis explored in the present study was that stimulation lacking a clear rhythmic pattern would be unable to drive oscillatory resonance (peripherally or at brain level), hence differences in treatment response between treatment parameters (gamma range RSS vs. complex wave RSS) could indicate potentially distinct underlying mechanisms. However, we found no significant difference in outcomes between groups. One possible explanation for this result is that the parameters of the random and intermittent stimuli presented for one of the experimental groups still preserved a periodical signal that could have driven oscillatory resonance. This interpretation can be further tested by including a sham stimulation. Alternatively, it may be that the stimuli used in the presented study relied on the similar mechanisms of action.

There is no consensus regarding the mechanisms underlying the effects of sensory stimulation on pain. One hypothesis is that the analgesic effect of vibratory stimulation is due to modulation of processes that occur at the spinal cord level \[[@pone.0212021.ref063],[@pone.0212021.ref064]\]. According to this view, vibratory stimulation to the skin triggers low-threshold mechanoreceptors, such as Pacinian corpuscles, that inhibit the activity of dorsal horn neurons responsible for transmitting the information about the pain stimulus to the brain \[[@pone.0212021.ref065]--[@pone.0212021.ref072]\]. In other words, vibratory stimulation inhibits pain by activating inhibitory interneurons in the spinal cord. Another hypothesis suggests that directing attention away from a noxious stimulus also reduces the perception of pain \[[@pone.0212021.ref025]\]. Cognitive modulation of pain has been rigorously demonstrated by several lines of inquiry \[[@pone.0212021.ref073]--[@pone.0212021.ref077]\]. It has been shown, for instance, that pain-related activity in brain regions, such as the somatosensory cortices and anterior insula, can be attenuated by cognitive engagement \[[@pone.0212021.ref075]\].

However, another hypothesis may be postulated in light of recent evidence regarding neural entrainment. There is a growing body of research showing that brain oscillations can be induced by directly stimulating neuronal elements with rhythmic protocols either through sensory input pathways or by using transcranial stimulation techniques that stimulate the brain directly bypassing sensory input \[[@pone.0212021.ref039]\]. Studies have consistently shown that the presentation of rhythmic visual stimuli (e.g., flickering light) induces phase-locking of brain oscillations in occipital areas at the same frequency of the stimuli and improves the perception of targets presented in phase with the rhythmic stimuli \[[@pone.0212021.ref078]--[@pone.0212021.ref080]\]. This entrainment effect has also been reported with auditory rhythmic stimuli \[[@pone.0212021.ref081]--[@pone.0212021.ref083]\] and somatosensory stimuli \[[@pone.0212021.ref084]\], showing that RSS at frequencies of intrinsic brain-rhythms may be used to induce brain oscillations in a controlled and functionally meaningful way \[[@pone.0212021.ref039],[@pone.0212021.ref062]\]. Moreover, a recent study \[[@pone.0212021.ref085]\] successfully demonstrated that non-invasive light-flicker treatment at 40 Hz resulted in a significant reduction of Aβ peptides in the primary visual cortex of multiple mouse models and induced gene expression associated with morphological changes of microglia, suggesting that 40 Hz gamma oscillations may induce neuroprotective responses in the brain. Thus, it is possible that acoustic-driven rhythmic sensory stimuli may induce neural entrainment, serving as a potential underlying mechanism for the effects of vibratory rhythmic stimulation \[[@pone.0212021.ref062]\]. Indeed, there is evidence that fibromyalgia is associated with decreased functional connectivity of the pain network in the brain \[[@pone.0212021.ref086],[@pone.0212021.ref087]\], including abnormal oscillatory properties of thalamic neurons that are intrinsic 40 Hz oscillators (i.e., thalamocortical dysrhythmia) \[[@pone.0212021.ref088]--[@pone.0212021.ref092]\]. This hypothesis warrants further investigation to examine whether RSS with gamma-frequency vibroacoustic stimuli indeed drives brain oscillations and may serve to regulate dysrhythmias and enhance connectivity, thus leading to improvements in fibromyalgia symptomatology.

Limitations {#sec014}
-----------

Future studies are needed to confirm the present results. One of the limitations of the current design is the absence of a control condition. Given the high placebo effects shown in previous research \[[@pone.0212021.ref036]\], it is not possible to rule out that the outcome changes here reported are due merely to the passing of time, placebo effects, or to a Hawthorne effect. Other factors that may have interfered indirectly with the study results is relating to the concurrent or distracting activities participants could have undertaken during the treatment sessions and the possibility of adjustment of the stimulation intensity. We attempted to account for the possibility that participants would undertake other activities during the self-guided sessions by asking participants to record these activities in the treatment log (e.g. browsing the internet, reading, meditation). However, the lack of consistency in the recording of the data prevented an analysis of the type and frequency of these activities, and whether they could have interacted with the effects of the intervention. Participants were given guidelines and recommendations regarding the stimulation intensities. However, considering that fibromyalgia patients often experience symptoms such as hypersensibility to sounds, touch, and vibrations, we allowed for adjustments in the intensity of the stimulation if needed. According to the data recorded in the treatment logs, the vast majority of participants tended to follow the intervention guidelines throughout the sessions. However, it is possible that changes in the stimulation intensity could have interacted with treatment response.

Conclusions {#sec015}
===========

This study investigated the effects of gamma-frequency rhythmic sensory stimulation on fibromyalgia. We were interested in whether rhythmic sensory stimulation would promote significant changes in fibromyalgia and associated symptoms, and whether treatment effects would differ between two distinct treatment parameters. Our results indicated that there were statistically significant changes from baseline in measures of fibromyalgia symptoms, pain interference, depression, and sleep quality. However, no significant between-group differences were observed. These preliminary findings suggest that gamma-frequency rhythmic sensory stimulation may decrease fibromyalgia symptoms and ease associated comorbidities, such as sleep disturbances and depression. Further research is needed to confirm the present results and to better elucidate the possible mechanisms underlying clinical responses to rhythmic sensory stimulation.
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